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SIRT3 regulates mitochondrial reactive oxygen species scavenging by activating SOD2 141 in anchorage-independence.
142
Matrix detachment elevates cytosolic [6] and mitochondrial reactive oxygen species [28] , 143 which are thought to contribute to anoikis of non-transformed epithelial cells [6] . To determine if 144 SIRT3 protects cells from mitochondrial redox stress in anchorage-independence, we monitored 145 MitoSox fluorescence in response to SIRT3 knock-down, using several independent si/shRNAs 146 ( Fig. 2A & Supp. Fig. 1A) . Inhibition of SIRT3 expression increased MitoSox fluorescence in 147 anchorage-independent conditions (Fig. 2B) , indicating that SIRT3 is necessary to maintain low 148 mitochondrial superoxide (O2 .-) levels following detachment. Interestingly, SIRT3 knock-down 149 had no effect on MitoSox fluorescence in attached conditions (Supp. Fig. 1B ), suggesting that 150 SIRT3 has a specific role in protecting against mitochondria oxidant stress during anchorage-151 independence.
152
A major antioxidant target of SIRT3 is manganese superoxide dismutase 2 (SOD2), 153 which is one of three superoxide dismutases in the cell, and the primary enzyme responsible for 154 the dismutation of O2 .to hydrogen peroxide (H2O2) in the mitochondrial matrix. SIRT3 regulates 155 SOD2 at both the transcriptional level, via deacetylaton and activation of the SOD2 transcription 156 factor FOXO3a [25, 29] , and by directly deacetylating and activating SOD2 dismutase activity 8 response following matrix detachment. SOD2 activity rapidly increased within 2 hours of matrix 166 detachment, prior to detectable changes in SOD2 transcription, and this early increase in SOD2 167 dismutase activity was abrogated by SIRT3 knock-down ( Fig. 2G, Supp. Fig. 1C ).
168
In addition to this early regulation of SOD2, we observed increased SOD2 expression 169 after 6 hours following matrix detachment, and this was also significantly abrogated by SIRT3 170 knock-down ( Fig. 2H) . Notably, transcript levels of SIRT3 in patient specimens from GEO data 171 set GSE85296 strongly correlated with SOD2 levels, where high expression was similarly 172 observed in ascites-derived cells (Fig. 2I) . These data demonstrate that the mitochondrial O2 .-173 scavenger SOD2 is dually regulated by SIRT3 following detachment, and that the SIRT3/SOD2 174 axis is an early adaptation to anchorage-independence. 175 176 SIRT3 knock-down increases glycolysis in anchorage-independent cells.
177
Given that SIRT3 has previously been associated with suppression of glycolysis [18, 30] ,
178
we set out to determine if increased SIRT3 expression alters glycolytic flux following cellular 179 detachment. First, we determined if glucose consumption and lactate production are altered in 180 in detached cells, and found that overall glucose consumption was increased, while relative 181 lactate production to glucose consumption was decreased, compared to attached cells (Fig. 
182
3A). This suggests that cells in anchorage-independence re-route glucose consumption away 183 from lactic acid production. SIRT3 knock-down significantly increased the ratio of lactate 184 production to glucose consumption in detached cells ( Fig. 3B & Supp. Fig. 2) , and assessment 185 of the optical redox ratio of the metabolic coenzymes FAD and NAD(P)H using multiphoton 186 imaging [31] demonstrated a significant decrease in the FAD / [FAD + NAD(P)H] ratio with 187 SIRT3 knock-down in anchorage-independent cells (Fig. 3C) . To test if the above results
188
indicate that increased SIRT3 expression switches glucose utilization away from lactate 189 production towards Oxidative Phosphorylation, we examined changes in extracellular 190 acidification rate (ECAR) and oxygen consumption rate (OCR) using extracellular flux analysis.
9
As expected, addition of glucose rapidly increased ECAR in both attached and detached cells 192 ( Fig. 3D) . SIRT3 knock-down significantly increased basal glycolytic rate (basal ECAR) in 193 detached cells following glucose addition, while it had no significant effect on basal ECAR in 194 attached conditions ( Fig. 3E) 
200
As expected OCR was inhibited in response to glucose addition in attached conditions,
201
as cells use glucose primarily for lactic acid production ( Fig. 3G) . Interestingly, extracellular flux 202 analysis confirmed that detached cells do not utilize glucose primarily for lactate production, and 203 also increase their oxygen consumption in response to glucose addition ( Fig. 3G&H) . While 
210
Since we found that SIRT3 is specifically increased upon cell detachment, we tested the 211 necessity of SIRT3 for anchorage-independent survival. Knock-down of SIRT3 significantly 212 increased the fraction of dead cells when OVCA433, SK-OV-3 and OVCAR3 cells were cultured 213 in anchorage-independent conditions (Fig. 4A, Supp. Fig. 3A ). This was accompanied by an 214 inability of cells to rapidly aggregate into spheroid clusters within 6 hours following detachment 215 (Supp. Fig. 3B ), and resulted in loosely aggregated OVCA433 cells, and smaller and less 216 uniform SK-OV-3 spheroids by 72 hours of anchorage-independence ( Fig. 4A) . Loss of SIRT3 10 expression increased the fraction of apoptotic cells following matrix detachment, while there was 218 no effect of SIRT3 knock-down on apoptosis in attached conditions, suggesting that SIRT3 is 219 inhibitory to anoikis ( Fig. 4B) . A pro-survival role for SIRT3 was also observed in single cell 220 clonogenic assays. SIRT3 knock-down significantly inhibited colony number, but not average 221 colony size, indicating that SIRT3 knock-down inhibits initial single cell survival and seeding, 222 rather than proliferation ( Fig. 4C) . Accordingly, shRNAs to SIRT3 had no significant impact on 223 cell cycle progression ( Fig. 4D, Supp. Fig. 3C ). Cells in detached conditions had fewer cells in 224 S and G2/M phases of the cell cycle, suggesting that these cells slow their proliferation, as 225 previously demonstrated [32] , however this was unaffected by SIRT3 knock-down ( Fig. 4D) .
226
These data demonstrate that SIRT3 is necessary for survival under anchorage-independence 227 by inhibiting anoikis.
228
As expected, SOD2, the target of SIRT3, was similarly necessary for anchorage- 
237
Since anchorage-independent survival is a critical step for successful transcoelomic 238 metastasis of ovarian cancer cells in the peritoneal cavity [3, 4] , we tested if the increases in 239 SIRT3 and SOD2 specific to detachment are necessary for peritoneal tumor formation in vivo.
240
To transiently decrease SIRT3 and SOD2 expression during the anchorage-independent phase, 241 SK-OV-3-luc cells were transfected with siRNAs targeting either SIRT3, SOD2 or a scramble 242 control. Twenty-four hours later cells were detached and 1x10 6 viable cells suspended in 150 µl 11 PBS immediately injected into the peritoneal cavity of NSG mice (n=8), and tumor establishment 244 monitored by bioluminescence imaging. Either SIRT3 or SOD2 knock-down significantly 245 inhibited peritoneal tumor formation over time ( Fig. 6A-C) . Assessment of the omentum, a major 246 target tissues of metastatic ovarian cancer [33] , and a site where the majority of SK-OV-3 247 tumors were detected, revealed that control SK-OV-3 tumor cells replaced most of the 248 adipocytes in this tissue. SIRT3 knock-down, and to a greater extent SOD2 knock-down, 249 resulted in the establishment of fewer tumor nodules in the omentum, suggesting that the loss of 250 these proteins leads to reduced seeding of viable tumor cells, likely as a consequence of 251 increased anoikis during dissemination ( Fig. 6D-H) . The size of individual tumor nodules was 252 not significantly different and varied widely in all experimental groups, although a trend in larger 253 tumors was observed from control scramble siRNA transfected SK-OV-3 tumor cells ( Fig. 6H ).
254
The above data demonstrate that SIRT3 and SOD2 are necessary for successful transcoelomic 255 tumor formation in vivo.
12

Discussion
257
Here, we present new evidence for the pro-metastatic role of SIRT3 in cancer, and 258 demonstrate that the mitochondrial SIRT3/SOD2 stress response pathway is specifically 259 upregulated in response to cellular detachment (Fig. 1) , and specifically necessary for 260 anchorage-independent survival and transcoelomic metastasis (Fig. 4&6) .
261
Similar to several cancers previously reported [13] [14] [15] [16] [17] , the expression of SIRT3 is low in 262 primary tumors of high-grade serous adenocarcinoma samples from the Cancer Genome Atlas 263 (TCGA). However, contrary to other tumor types, low SIRT3 expression was not associated with 264 a decreased in overall patient survival (Supp. Fig. 6 ). The observation that a decrease in SIRT3 265 expression does not predict an unfavorable patient outcome somewhat contradicts previous 266 reports of the anti-tumorigenic effects of SIRT3 in ovarian cancer cells [26, 27] , and highlights 267 that SIRT3 likely plays a dichotomous role during the progression of ovarian cancer. The 268 context-dependent regulation of SIRT3 during ovarian cancer metastatic progression is evident 269 by our findings that SIRT3 expression is significantly increased in cells derived from patient 270 ascites, compared to matching primary ovarian tumor tissue ( Fig. 1) . We propose that this 
274
Few studies have examined the context-specific regulation and function of SIRT3 in 275 cancer. Most work demonstrating the anti-tumor role of SIRT3 was based on discoveries that 276 SIRT3 expression is downregulated in a number of primary tumors, and that this decrease is 277 associated with poor patient survival [13, 14, 16, 17] . The functional consequences of SIRT3 278 loss were mainly assessed in attached cell culture conditions or in vivo models testing the role 279 of SIRT3 on primary tumor growth, without assessment of its function in metastatic progression 280 [12, 18, 19] . However, our work and that of others is starting to unravel the complex role and 281 regulation of SIRT3 during cancer progression. While we observed that manipulation of SIRT3 282 13 expression has few deleterious effects in attached cells, SIRT3 and its downstream target, the 283 mitochondrial O2 .scavenger SOD2 were required for survival following matrix detachment ( Fig.   284 4&5), and this was necessary for successful peritoneal tumor formation in vivo (Fig. 6) .
285
Importantly, we found that the SIRT3-dependent increase in SOD2 activity is an early response 286 to matrix detachment and sustained under long term anchorage-independence through SIRT3-287 mediated SOD2 transcriptional regulation (Fig. 2) , likely as a consequence of SIRT3-dependent
288
FOXO3a deacetylation [25, 29] . Concurrent with our findings, SIRT3 has been implicated in 289 anoikis resistance of oral squamous cell carcinoma cells [34] , and for the maintenance of 290 mitochondrial ROS scavenging in GBM stem cells [24] . In addition, the SIRT3/FOXO3a/SOD2 291 axis is upregulated as part of the mtUPR and necessary for breast cancer metastasis [25, 35] .
292
Moreover, we and others have demonstrated that SOD2 is required by metastatic cells as an 293 adaptation to oxidative stress, for the maintenance of mitochondrial fidelity, and as a regulator of 294 mitochondria redox signaling [20, [36] [37] [38] .
295
Highlighting the dichotomous role of SIRT3 in cancer is the finding that the SIRT3-296 dependent regulation of SOD2 is also a previously described mechanism of SIRT3's anti-tumor 297 activity. We find that mitochondrial oxidant scavenging is necessary for anchorage-independent 298 survival, and that both SIRT3 and SOD2 are required for this ( Fig. 4&5) . Conversely, increased 299 oxidant production in Sirt3 knock-out mice was shown to induce tumor formation when Sirt3-/-300 MEFs were transformed with oncogenes Ras and Myc, as a result of increased DNA oxidation 301 [12] . In addition, the anti-tumor effects of SIRT3 were demonstrated to be related to 302 manipulation of tumor metabolism via SIRT3 inhibition of HIF-1a [18, 30] . The increase in 303 mitochondrial O2 .levels in SIRT3 knock-down cells was shown to result in HIF-1a protein 304 stabilization as a consequence of prolyl-hydroxylase inhibition, and the increased glycolytic 305 phenotype of SIRT3 knock-down cells associated with this ROS-mediated increase in HIF-1a-306 signaling [18, 30] . While we similarly found that SIRT3 suppresses glycolysis, increased HIF-1a 307 14 stabilization with SIRT3 loss was a phenotype limited to attached conditions (Supp. Fig. 7) .
308
HIF-1a levels remained unaltered following SIRT3 knock-down in anchorage-independence,
309
indicating that the effects of SIRT3 on glycolysis are not coupled to HIF-1a suppression in this 310 state of tumor metastasis. Several other metabolic enzymes are known SIRT3 targets. For 311 example, activation of IDH2 by SIRT3-dependent deacetylation can shift metabolism from 312 glycolysis to oxidative phosphorylation [39] , and the presence of IDH1 and IDH2 is important for 313 survival of anchorage-independent cells by aiding in regeneration of NADPH for glutathione 314 reduction [28] . Moreover, SIRT3 is a known activator of pyruvate dehydrogenase (PDH), 315 resulting in enhance shuttling of pyruvate into the TCA cycle [40, 41] . It remains to be 316 determined if these enzymes contribute to the suppression of glycolysis elicited by SIRT3 317 expression in anchorage-independence, or if alternate deacetylation targets of SIRT3 have 318 functional roles in this stage of metastasis. As suggested by analysis of lactate levels and 319 extracellular acidification rate measurements (Fig. 3) , increased glucose uptake in anchorage-320 independent cells is more uncoupled from lactate production compared to attached cells. It is 321 now well accepted that metabolic flexibility is a hallmark of cancer, allowing cells to cope with 322 fluctuations in nutrient availability during different tumor stages and in response to changing 323 tumor microenvironments. This is evident in anchorage-independent cancer spheroids, which 324 are often enriched in cancer stem cells, and marked by the ability to readily switch their 325 metabolism to induce the pentose phosphate pathway, TCA cycle and oxidative 326 phosphorylation, based on nutrient availability and anabolic demands [6, 42] . As previously 327 reported [32], we also observed a change in cell cycle in detached cells, suggesting that the 328 switch from high lactate production to glucose utilization for other metabolic pathways may be a 329 reflection of a switch from pro-proliferative energy demands in attached cells to pro-survival 330 metabolism in anchorage-independence. The observed suppression of glycolytic capacity by 331 SIRT3 in detached cells requires further attention, and could be an important mechanism for 15 cancer cells to survive metastatic spread in new tumor environments with alternate carbon 333 sources, including the ascites fluid and the adipocyte-rich omentum [43] . In addition, the 334 suppression of glycolytic flux by SIRT3 may be a further survival mechanism to prevent lactic 335 acid toxicity.
336
In conclusion, our data suggest that the rapid and sustained upregulation of SIRT3 337 following matrix detachment is necessary for SOD2-mediated mitochondrial oxidant scavenging 338 to enhance anchorage-independent survival and peritoneal colonization of ovarian cancer cells.
339
Additional consequences of the context specific increase of SIRT3 on metabolic changes likely 340 further aid in transcoelomic spread as a response to changing nutrient environments. Our study 341 highlights the context-dependent role and regulation of SIRT3 in cancer and has important 342 implications for future targeting of this protein for anti-cancer therapies.
16
Materials and Methods
344
GEO data set. GEO data set GSE85296 was examined using GEO2R (NCBI) to 345 determine SIRT3 and SOD2 expression in matching ovarian, peritoneal, omental and ascites 346 specimens from four ovarian serous adenocarcinoma patients.
347
Cell lines and cell culture conditions. OVCA433 and OVCA420 cells were provided institutional research ethics boards, respectively. EOCs were isolated from ascites, as 367 previously described [44] , and maintained in culture at 37 o C, 5% CO2 in MCDB/M199 medium 368 supplemented with 10% FBS and penicillin/streptomycin. Microarray analysis was carried out on 17 total RNA extracted from EOCs obtained at Western University, as previously described [45] , 370 using the Ad-GFP transduced controls. RNA was extracted following culturing for 72 h in ULA 371 plates or from controls grown in attached conditions. Affymetrix Human Genome U133A
372
GeneChip analysis (Santa Clara, CA) was carried out at Precision Biomarker Resources Inc.
373
(Evanston, IL). 
